• The effects of drought on the Amazon rainforest are potentially large but remain poorly understood. Here, carbon (C) cycling after 5 yr of a large-scale through-fall exclusion (TFE) experiment excluding about 50% of incident rainfall from an eastern Amazon rainforest was compared with a nearby control plot.
Summary
• The effects of drought on the Amazon rainforest are potentially large but remain poorly understood. Here, carbon (C) cycling after 5 yr of a large-scale through-fall exclusion (TFE) experiment excluding about 50% of incident rainfall from an eastern Amazon rainforest was compared with a nearby control plot.
• Principal C stocks and fluxes were intensively measured in 2005. Additional minor components were either quantified in later site measurements or derived from the available literature.
• Total ecosystem respiration (R eco ) and total plant C expenditure (PCE, the sum of net primary productivity (NPP) and autotrophic respiration (R auto )), were elevated on the TFE plot relative to the control. The increase in PCE and R eco was mainly caused by a rise in R auto from foliage and roots. Heterotrophic respiration did not differ substantially between plots. NPP was 2.4 ± 1.4 t C ha )1 yr )1 lower
Introduction
Tropical forests play a key role in global biogeochemical cycles and climate. The Amazon rainforest alone contains 70-120 billion tonnes of carbon (C) in vegetation, an amount of C equivalent to over a decade of global anthropogenic emissions (Houghton et al., 2001; Malhi et al., 2006; Saatchi et al., 2007) . Recent analyses predict an increased probability of greater drought frequency and severity across the Amazon over the next 100 yr because of climate change, regional deforestation and fire (Werth & Avissar, 2002; Christensen et al., 2007; Cox et al., 2008; Harris et al., 2008; Malhi et al., 2008) . The effects of drought upon ecosystem structure and function in the Amazon are potentially large but remain poorly defined. Relatively little information from field studies is available to test whether the modelled representation of drought effects in the region -decreased forest photosynthesis and increased soil CO 2 efflux (Tian et al., 1998; Peylin et al., 2005; Zeng et al., 2005) -is realistic. Model projections are constrained particularly by a lack of detailed knowledge about the physical controls upon ecosystem C partitioning and soil CO 2 efflux. A range of studies from drought experiments in the Amazon have examined numerous C cycle components in isolation (Nepstad et al., 2002; Davidson et al., 2004 Davidson et al., , 2008 Sotta et al., 2007; Metcalfe et al., 2007a Metcalfe et al., , 2008 Metcalfe et al., , 2010 Brando et al., 2008; da Silva et al., 2009; Meir et al., 2009; da Costa et al., 2010) , but none have yet synthesized these individual components to construct a full C budget of a droughted Amazon forest. The overall purpose of this study, therefore, was to examine the impacts of a large-scale through-fall exclusion (TFE) treatment in an eastern Amazon primary rainforest on ecosystem C cycling and partitioning. Our analysis here is centred on measurements made across one full seasonal cycle, 4 yr after imposition of the TFE treatment, in 2005, comparing data from the TFE and a nearby control plot. While the TFE treatment was not replicated (Hurlbert, 1984 (Hurlbert, , 2004 , it provides insights into ecosystem processes that would otherwise have been impossible to capture in smaller-scale experiments (Carpenter, 1996; Sullivan, 1997; Osmond et al., 2004; Stokstad, 2005) . On both plots, for the focal period of 2005, we estimated and integrated all key ecosystem C fluxes to measure forest net primary productivity (NPP) and ecosystem respiration (R eco ):
where R hetero and R auto represent R from heterotrophic and autotrophic sources, respectively. The total amount of C expended by trees at a stand scale (plant C expenditure, PCE) was estimated as:
Under steady-state conditions, where C inputs equal outputs, the following should hold true:
GPP % PCE % R eco Eqn 3
where GPP (gross primary productivity) is the total quantity of C entering the forest via photosynthesis. We assessed whether this assumption was valid for both plots by comparing GPP estimated from a previous study, which applied a site-parameterized ecophysiological model to both plots (Fisher et al., 2007) , with our estimates of plot-level PCE and R eco . In the case of a substantial imbalance between tree GPP and PCE NTP ¼ PCE À GPP Eqn 4
We examined the implications for the net change in tree C balance (net tree production, NTP).
Materials and Methods

Field site and experimental design
The study site is located in the Caxiuanã National Forest, Pará State, northeastern Brazil (1°43¢3.5¢¢S, 51°27¢36¢¢W). The forest is a lowland terra firme rainforest with high annual rainfall (2000-2500 mm) and a pronounced dry season (Table 1) . Across the entire year, mean soil surface temperature is approximately 25°C, with little seasonal and diurnal variation. The soil type is a highly weathered yellow Oxisol . In January 2002, a 1 ha plot (TFE plot) was modified by the installation of plastic panels placed at 1-2 m above the ground, excluding approximately 50% of incident rainfall, and causing a shift in soil water availability, plant water relations, leaf physiology and, ultimately, tree growth and survival (Fig. 1) . The change in annual rainfall magnitude and dry season length imposed by the TFE treatment simulated some key aspects of a precipitation regime more commonly encountered in some savannas and deciduous forests in the region (Betts et al., 2004; Malhi et al., 2009a) , which is consistent with long-term climate predictions for the region from at least one major global climate model-HadCM3 (Collins et al., 2001) .
Air temperature beneath the TFE panels was c. 2°C warmer than ambient air during the dry season, although soil temperature remained similar to ambient values throughout. During the wet season, air temperatures above and below the TFE panels were similar . The boundary of the TFE plot was trenched to a depth of 1-2 m and lined with plastic to minimize lateral ingress of water from adjacent, wetter soil. The control plot perimeter was also trenched to avoid confounding treatment effects. All measurements were taken at least 10 m inside the perimeter of each plot to minimize edge effects.
Above-ground carbon stocks and solid fluxes
Canopy leaf area density and leaf morphology data were derived from Metcalfe et al. (2010) . To calculate leaf area index (LAI, m 2 leaf m )2 ground), images of the canopy were recorded at 25 locations within each plot in late 2004 and early 2007 with a digital camera and hemispherical lens; total LAI was apportioned into canopy height categories with LAI height profile data collected at a tower in the centre of each plot. Mean leaf mass per unit area (LMA) for each plot was calculated for the same periods by harvesting leaves from different canopy layers, determining area and dry mass of each leaf, then dividing dry mass by one-sided area. Values intermediate to those calculated on the two sampling dates were used to estimate LAI and LMA in 2005. To derive estimates of total plot foliar biomass, LAI and LMA from each canopy layer were multiplied and then the estimated foliar biomass for each layer was summed.
The monthly flux of litter falling from the canopy in 2005 was recorded in 20 mesh traps (area = 1 m 2 per trap) placed at 1 m above the ground surface on the control plot, and above the plastic panels on the TFE plot (height 2-2.5 m). Litter retrieved from the traps was dried at 70°C to constant mass, separated into leaves, flowers, fruits and seeds, woody material < 2 cm diameter and weighed. Previous studies have shown that 36-40% of litterfall is intercepted before it reaches litter traps and decomposed within the canopy (Edwards, 1977; Frangi & Lugo, 1985) , so we multiplied recorded litterfall by 1.3 to provide a conservative correction for this 'canopy storage' term. In addition, litterfall collection in mesh traps does not account for material lost via herbivory (12-30% of canopy leaf mass, Clark et al., 2001) . Therefore, we conservatively estimated mean herbivory on both plots as 10% of leaf litterfall.
Branches > 2 cm diameter falling from live trees were not adequately sampled by mesh traps and so this flux was separately monitored between December 2008 and August 2009 by collecting, drying at 70°C to constant mass and weighing all woody material > 2 cm diameter which appeared along four 1 · 80 m transects per plot that had previously been cleared of all woody material (see the Ground carbon stocks and solid fluxes section).
Plot values for live and dead stem standing biomass, growth, recruitment and mortality were obtained from da 
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New Phytologist . Annual stem growth increment was recorded for all live tree stems > 10 cm diameter at breast height (DBH, 1.35 m) between 2001 and 2008. Recruitment of new trees into the > 10 cm DBH category was recorded in August 2005. Tree diameter was converted to mean (± 95% confidence intervals) above-ground stem mass using eight previously published allometric equations . Mortality was assessed as death or disappearance of previously permanently marked stems.
In addition to stem mass loss via mortality, we included a term for mass loss via live tree damage (heartwood rot, crown and partial trunk loss) of 0.44 ± 0.10 t C ha )1 yr )1
from Chambers et al. (2001) . The biomass of smaller stems was estimated once in March 2005 by recording diameter of all stems between 2 and 10 cm DBH in a 20 · 20 m area on both plots, and using the same DBH-biomass conversion equations as for the larger stems using mean wood density for trees > 10 cm DBH on each plot (0.7 g cm )3 ), and extrapolating this value to the rest of the plot area. The growth of stems between 2 and 10 cm DBH was estimated by quantifying the proportion of growth to biomass for stems > 10 cm DBH, and multiplying this value by estimated plot biomass of stems between 2 and 10 cm DBH. This method assumed that tree growth was similar across size classes, which was unlikely, but in the absence of direct measurements of the growth of stems 2-10 cm DBH it yielded an approximation of this relatively minor component (< 1% of total NPP in our analysis).
Ground carbon stocks and solid fluxes
Coarse woody debris (CWD) necromass was calculated in December 2009 by removing and weighing in situ all woody material > 2 cm diameter along four 1 · 80 m transects within each plot. A subset of this material was then dried at 70°C to constant mass and reweighed to derive a correction factor for the wet mass values from the rest of the material. Then each piece of the subset was measured with callipers to estimate surface area. The correlation between piece surface area (cm 2 ) and dry weight (g) was used to estimate surface area of all pieces collected on the plots (r 2 = 0.81, mass = 16.49 · area 0.63 ). Finally, each piece from the subset was placed into a water-filled cylinder to measure piece volume, and hence tissue density (dry mass ⁄ volume). Density was estimated separately for five classes of wood decomposition following Harmon et al. (1995) . In cases where material within the transect was too large to remove and weigh manually, the diameter at three points was recorded to estimate surface area and volume, and wood density associated with the decomposition class was used to convert the volume of each piece into mass. Total plot CWD mass and surface area were calculated as the sum of the smaller pieces removed from the transects and the larger pieces remaining on the transects. To backcalculate CWD biomass for 2005, our study period, we assumed that the rate of CWD accumulation necessary to achieve the observed 2009 plot difference was proportional to stem mortality, quantified annually by da .
Ground surface fine litter mass (including woody material < 2 cm diameter) was collected from 25 areas (0.25 m 2 ) in each plot in December 2009. Litter samples were cleaned of inorganic detritus, dried at 70°C to constant mass and weighed.
Fine root biomass and production data were derived from Metcalfe et al. (2008) . Briefly, 27 soil cores down to 30 cm depth were removed from each plot in 2005, fine roots (< 2 mm diameter) were removed following the method of Metcalfe et al. (2007b) , dried at 70°C to constant mass and then weighed. Fine roots below 30 cm and coarse roots (> 2 mm diameter) were not sampled with these cores. To correct for this, four 1.5 · 1.5 m holes were excavated to 3 m soil depth in each plot in June 2008. All roots retrieved were collected, dried at 70°C to constant mass and weighed. Dry root mass was apportioned into soil depth and diameter categories. From these data (D Galbraith, unpublished), the proportions of fine root mass through the entire soil column down to 3 m soil depth located within the surface (control = 0.63, TFE = 0.65), and of total root mass represented by roots < 2 mm diameter (control = 0.08, TFE = 0.49), were calculated and applied to the measured surface fine root values to estimate total root mass and production down to 3 m soil depth and for all root diameters. Because of the low sample size in this study, we applied error estimates of 13% around coarse root standing biomass and growth values from a more extensive sampling programme in a similar forest (Silver et al., 2000) . To back-calculate coarse root biomass for 2005, our main period of interest, we assumed that the rate of coarse root mortality necessary to achieve the observed difference between plots in 2008 was proportional to the measured rate of stem mortality . To quantify coarse root growth, the proportion of growth to biomass of stems > 10 cm DBH was quantified, and this value was multiplied by the estimated plot biomass of coarse roots, down to 3 m soil depth. This method assumed that coarse root growth and stem growth were similar and that coarse root growth was constant down the soil profile. This was a source of uncertainty but in the absence of direct measurements of coarse root growth anywhere in the soil profile and fine root growth below 30 cm soil depth it yielded an approximation of this relatively minor component (< 11% of total NPP in our analysis).
Net dissolved organic carbon (DOC) export (DOC runoff -DOC deposition) was taken as 0.19 ± 0.07 t C ha )1 yr )1 from an intensive study of DOC dynamics in a central Amazon catchment (Waterloo et al., 2006) .
Carbon dioxide efflux
Leaf area index and leaf dark R data were derived from Metcalfe et al. (2010) . Leaf dark R was recorded from leaves throughout the canopy in 2003 and 2007. All measurement campaigns sampled fully expanded, nonsenescent, undiseased leaves. Leaf dark R was recorded after CO 2 gas exchange in dark conditions had stabilized (usually after c. 10 min), at ambient air CO 2 concentration (360-380 ppm) and humidity (60-80%). Estimates of leaf dark R per unit leaf area in each canopy layer was multiplied by mean plot LAI located within the same canopy layer, and then all layers were summed to derive plot-level estimates of night-time leaf R assuming 12 h of darkness each day throughout the year and a constant temperature of 25°C (Metcalfe et al., 2010) . Values for 2005 were estimated as the mean of the measurements in November 2003 and January 2007. Leaf light R on both plots was estimated as 67% of leaf dark R from Lloyd et al. (2009) , who used light response curves from another lowland Amazon forest (Domingues et al., 2005) and applied light-inhibition equations from eucalyptus seedlings (Atkin et al., 2000) .
Emissions of volatile organic compounds (VOCs) constitute another minor source of C from leaves. We used a value of 0.13 ± 0.05 t C ha )1 yr )1 for this component (Malhi et al., 2009b) which sums published estimates of VOC, including isoprene and terpene (Kuhn et al., 2007) , and methane (do Carmo et al., 2006) emissions from tropical forests.
No site measurements of live tree stem R at 1.3 m were available, so a value of 0.6 ± 0.08 lmol m )2 stem surface s )1 was taken from the existing literature (Nepstad et al., 2002; Meir & Grace, 2002 ) and applied to both plots. This may underestimate total stem R rates since portions of stem higher up (Yoda, 1983) and branches (Cavaleri et al., 2006) tend to have higher CO 2 effluxes than the main bole near the ground. Tree stem area was estimated using a taper function to estimate stem basal diameter for all trees > 2 cm DBH on both plots (Chambers et al., 2000) and then applying an equation relating basal diameter to total stem surface area (Yoneda, 1993) from 315 terra firme Amazon trees (Chambers et al., 2004) . Plot-level scale stem C efflux was estimated by multiplying R stem per unit stem area by total plot live stem area.
Soil CO 2 efflux data were derived from Metcalfe et al. (2007a) . Total soil CO 2 efflux (R soil ) was recorded each month through 2005 at 25 points in each plot. R soil was partitioned into contributions from surface organic litter, roots and soil organic matter at nine points on each plot in the dry (November 2004) and wet (June 2005) seasons. Monthly contributions from each of the R soil components were linearly interpolated between these two periods.
R from coarse woody debris was recorded once in August 2009 from 12 to 16 pieces of dead wood on the ground for each of the five decomposition classes (see the Ground carbon stocks and solid fluxes section for details of the CWD necromass survey) randomly selected on the control and TFE plots. We included the R contribution from standing dead trees using the same surface area estimation methodology as live stems, and assuming they had similar CO 2 efflux rates to ground CWD, which was a source of uncertainty but in the absence of detailed information about wood decomposition patterns in the tropics it yielded an approximation of this relatively minor component (< 11% of total R in our analysis). Plot-level dead wood R was estimated by multiplying stem R per unit dead wood area by total plot dead wood surface area.
Data analysis and presentation
The lack of treatment replication precluded fully comparative statistical analysis (Hurlbert, 1984 (Hurlbert, , 2004 , but 95% confidence intervals were calculated around means as an indication of the reliability of the observed mean differences at a plot scale. Throughout the manuscript, therefore, error bars represent only within-plot spatial variation and measurement error rather than landscape-scale heterogeneity. Errors were propagated by quadrature of absolute errors for addition and subtraction, and quadrature of relative errors for division and multiplication (Aragão et al., 2009) . This assumes that the errors are independent and normally distributed. All R terms were summed into R auto and R hetero contributions, which together make up R eco . Total NPP was calculated as the sum of all plant growth components, and PCE was then estimated as the sum of total NPP and R auto . Carbon use efficiency (CUE) at an ecosystem level and individually for different plant components (canopy, stems, roots) was calculated as:
Turnover time (1 ⁄ turnover rate) estimates for specific components on the control plot were derived by dividing C fluxes by stocks. Independent checks on C flux estimates were derived from eddy covariance (Carswell et al., 2002) and detailed modelling studies (Fisher et al., 2007) at the site, albeit for different time periods from the current study. In addition, data were compared to published equations, which use a mass balance approach assuming steady-state conditions, to estimate total below-ground allocation (TBCA; equations from Raich & Nadelhoffer (1989) were modified to include contributions from coarse wood, root litter and DOC) and soil CO 2 efflux (Malhi et al., 2009b) Results Ecosystem C balance, partitioning and CUE Estimated PCE during the period of measurement was slightly greater in the TFE (33.9 ± 3.6 t C ha )1 yr ) ( Table 2 , Fig. 2 ). R eco was elevated on the TFE plot compared with the control plot, although there was substantial uncertainty around the plot means (Table 2, Fig. 2 ; 36.6 ± 3.7 and 32.6 ± 2.9 t C ha )1 yr )1
, respectively). Greater R eco in the TFE plot was mainly attributable to the higher R auto flux of 25.8 ± 3.4 t C ha )1 yr )1 compared with 22.4 ± 2.8 t C ha )1 yr )1 in the control (Table 2 , Fig. 2 ), which in turn was driven by a rise in canopy and root R (Table 2, Fig. 3b ). By contrast, R hetero was similar between plots (c. 10.5 t C ha )1 yr )1 ) because greater estimated TFE dead wood R was offset by lower soil heterotrophic CO 2 efflux (Table 2, Fig. 3b ).
Total estimated NPP was 2.4 ± 1.4 t C ha )1 yr )1 lower on the TFE plot relative to the control (Table 2, Fig. 3a) . On both plots, approximately half of NPP was derived from the canopy, with the remainder split evenly between roots and stems (Table 2, Fig. 3a) . The trees on both plots allocated slightly more total assimilated C (NPP and R auto ) to the canopy (c. 38%) than stems (c. 33%) or roots (c. 28%), of which 70-80% was comprised of R auto for every component (Table 2) . On both plots, canopy CUE was higher than either stem or root CUE (Fig. 4) . The TFE treatment was associated with a lower CUE in all plant organs, but particularly canopy CUE (control, 0.41 ± 0.07; TFE, 0.30 ± 0.07). The overall effect was a lower ecosystem CUE in the TFE plot of 0.24 ± 0.04 compared with 0.32 ± 0.04 in the control plot (Table 2, Fig. 4 ).
Quantities and dynamics of C stocks
The ratio of below to above-ground live plant C stocks was 0.64 ± 0.21 in the control plot compared with 0.15 ± 0.05 in the TFE plot (Fig. 5) . In the control plot, estimated mean turnover time of live canopy foliage, fine litter on the ground, CWD, fine roots and live stems were 0.5, 0.7, 4.4, 3.4 and 88.0 yr, respectively (Fig. 6) . Stocks of C in ground fine litter were slightly elevated in the TFE plot ( Fig. 2 Total ecosystem-level carbon fluxes on the plots. Grey bars, net primary productivity (NPP); open bars, autotrophic respiration (R auto ); closed bars, heterotrophic respiration (R hetero ). All data and their sources are specified in Table 2 . Error bars indicate 95% confidence intervals around the total flux values. Given the unreplicated nature of the plots, error bars represent only within-plot spatial variation and measurement error rather than landscape-scale heterogeneity. R eco , ecosystem respiration; TFE, through-fall exclusion; PCE, plant carbon expenditure. from different above-and below-ground ecosystem components on both plots. All data and their sources are specified in Table 2 . Error bars indicate 95% confidence intervals around the total flux values. Given the unreplicated nature of the plots, error bars represent only within-plot spatial variation and measurement error rather than landscape-scale heterogeneity. Foliage R incorporates measured leaf dark R (Metcalfe et al., 2010) and modelled leaf light R (Lloyd et al., 2009); stem R is from all stems > 2 cm diameter at breast height assuming the same value of R per unit stem surface area on both plots derived from the existing literature (Meir & Grace, 2002; Nepstad et al., 2002) , while dead wood R includes contributions from coarse woody debris (CWD) on the ground and standing dead stems. Dead wood R was measured in 2009 and back-calculated to 2005 assuming dead stem and CWD stock accumulation was proportional to measured tree mortality. Canopy production incorporates measured litterfall and literature-based estimates for herbivory, canopy storage of litter and volatile organic carbon emissions. Stem NPP values are derived from da and include growth of all stems > 2 cm diameter at breast height, branch fall and recruitment. Root growth includes both fine and coarse root growth down to 3 m soil depth using root profile data from D Galbraith (unpublished). TFE, through-fall exclusion; SOM, soil organic matter.
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Research 613 Ó The Authors (2010) Journal compilation Ó New Phytologist Trust (2010) litterfall (Table 2 , Fig. 3a ; 0.9 ± 0.2 t C ha )1 yr )1 ) compared with the control. In the TFE plot, microbial fine litter R removed only around 4% of ground fine litter C stock each year (Tables 1, 2) , which means that to balance C inputs from litterfall whilst accounting for the observed increase in ground litter C stock relative to the control, 75 ± 6% of the TFE fine litter stock must annually been removed by processes other than microbial R (Fig. 7) , such as physical disintegration and ⁄ or consumption by detritivores. Using the same approach, a greater percentage of the control plot standing surface litter C stock was removed each year via both microbial R (43 ± 4%) and other processes (95 ± 11%; Fig. 7 ). In the control plot, the annual decomposition metrics for ground litter exceeded 100% because turnover time was < 1 yr (Fig. 6 ).
Quantities and dynamics of CO 2 fluxes
Plot differences in CO 2 efflux were the net product of shifts in both R per unit area of plant material (e.g. leaves, CWD), and the total amount of plant material area. These two properties often responded in different ways to the TFE treatment. For example, across all measurement periods, mean dark leaf R per unit leaf area was greater in the TFE plot (0.51 ± 0.05 lmol m )2 s )1 ) than in the control plot (0.34 ± 0.03 lmol m )2 s )1 ), while LAI declined over 7 yr following the imposition of the TFE treatment by c. 1 m 2 m )2 relative to the control (Metcalfe et al., 2010) . The net product of these interacting factors was a marked increase in plot-level dark leaf R (Table 2, Fig. 3b ; Metcalfe et al., 2010) in the TFE plot (5.6 ± 2.4 t C ha )1 yr )1 ) relative to the control (4.4 ± 1.7 t C ha )1 yr )1 ). Total dead wood surface areas were 0.19 ± 0.05 and 0.27 ± 0.06 m 2 m )2 in the control and TFE plots, respectively. In both plots, c. 70% of dead wood area was in the form of standing stems with the remainder comprising ground CWD. The mean CWD R values per unit wood area were 4.6 ± 0.9 and 5.5 ± 1.6 lmol m )2 s )1 in the control and TFE plots, respectively. The weak trend towards higher mean CWD R on the TFE plot was specifically attributable to the greater quantity of relatively undecomposed CWD in the TFE plot (Fig. 8b) , possibly from a greater recent input of new wood via increased tree mortality and branch fall, which appeared to have a higher rate of R (Fig. 8a) . The combination of a greater quantity of fresh, undecomposed CWD in the TFE plot and elevated rates of R per unit area of fresh CWD translated into total CWD R of 5.7 ± 1.5 t C ha )1 yr )1 in the TFE plot compared with 3.3 ± 0.9 t C ha )1 yr )1 in the control (Table 2 , Fig. 3b) . Estimated plot-level stem R emissions (Table 2, Fig. 3b) were similar in the TFE (9.1 ± 1.8 t C ha )1 yr )1 ) and control plots (8.8 ± 1.8 t C ha )1 yr )1 ) because the lower stem area of trees > 10 cm DBH in the TFE plot was outweighed by the higher stem area of trees between 2 and 10 cm DBH.
R soil , the sum of fine litter, root and soil organic matter respiration, was only slightly diminished by 0.69 ± 0.14 t C ha )1 yr )1 in the TFE plot relative to the control during the measurement year of 2005 (Table 2 , Fig. 3b ; Metcalfe et al., 2007a) . The relative contribution of autotrophic and heterotrophic sources to R soil differed between plots. Thus, in the control plot, R soil was divided almost equally between heterotrophic (53%, 6.9 ± 0.3 t C ha )1 yr Table 2 . Error bars indicate 95% confidence intervals around the mean CUE values. Given the unreplicated nature of the plots, error bars represent only within-plot spatial variation and measurement error rather than landscape-scale heterogeneity. NPP, net primary productivity; R, respiration. 
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New Phytologist whereas R soil in the TFE plot was dominated to a greater extent by autotrophic sources (59%, 7.3 ± 0.3 t C ha )1 yr )1 ) and heterotrophic R (41%, 5.1 ± 0.2 t C ha )1 yr )1 ) contributed relatively less (Table 2, Fig. 3b ). Expected R soil and TBCA, calculated for the control plot from C inputs and assuming steady-state conditions, were both lower than our measurements (Table 2) .
Discussion
Drought effects on net carbon fluxes: patterns and processes
A key assumption of the multi-component integration 'bottom-up' approach employed here to examine C cycling at an eastern Amazon rainforest, is that steady state conditions exist at the site, and therefore that PCE is approximately equal to GPP. In the control plot, where steady-state conditions are plausible (at least over the timescale of the experiment), PCE estimated for the year of 2005 for this study (33.0 ± 2.9 t C ha )1 yr )1 ) was quite similar to estimates of GPP over 2002 and 2003 made using an ecophysiological model parameterized at the two plots (c. 30 t C ha )1 yr )1
; Table 2 ; Fisher et al., 2007) . By contrast, PCE in the TFE plot (33.9 ± 3.6 t C ha )1 yr )1 ) was higher than the modelled GPP in the TFE plot of 26.9 and 27.1 t C ha )1 yr )1 in 2002 and 2003, respectively (Table 2; Fisher et al., 2007) . As a preliminary exploration of the possible consequences of this mismatch between PCE and GPP in the TFE plot, we conducted the following analysis. We calculated the mean of the two annual modelled GPP estimates from the TFE plot and, assuming these estimates were representative of the forest in 2005 and had an uncertainty of 10% (Fox et al., 2009) , we then subtracted this GPP value from measured PCE for 2005. The result implies that the TFE forest was expending 7.0 ± 4.5 t C ha )1 yr )1 more than it was assimilating (net tree production; (R Fisher, pers. comm.) , which would suggest that the discrepancy between 2005 GPP and PCE ⁄ R eco was likely to be even larger. Useful future lines of enquiry would be to quantify the sources of uncertainty that could not be incorporated into this analysis (e.g. TFE effects on stem allometry, stem R, leaf light R, herbivory, canopy litter storage, leaf temperature) to test this hypothesis further.
Notwithstanding the uncertainty surrounding this analysis, the substantial apparent 'overspend' of C by the forest could feasibly be sourced from nonstructural carbohydrate (NSC) stores and reductions in NPP. From the available literature, we estimate that the TFE forest may have had c. 20 t C ha )1 of available NSC (c. 8% of live biomass; Graham et al., 2003; Würth et al., 2005; Poorter & Kitajima, 2007) to draw upon at the beginning of the TFE treatment. In addition, during the treatment, the TFE forest would be making annual savings from lower NPP construction (25% of biomass; Penning de Vries, 1975) and maintenance R costs on the order of 3 t C ha )1 yr )1
(data not shown). Previous work at the study site has indicated that the larger canopy trees responded isohydrically to drought, by maintaining leaf water potential above a minimum critical value to avoid xylem embolism, but thereby also reducing C assimilation rates (Fisher et al., 2006) . This 'C starvation' hypothesis (McDowell et al., 2008; McDowell & Sevanto, 2010) could provide one potential mechanistic explanation for the observed increase in tree mortality on the TFE plot (da Costa et al., 2010) and decline in reproduction (DB Metcalfe, unpublished) . Our estimate of a large possible C overspend relative to likely NSC reserves is consistent with a scenario whereby trees may reach critically low amounts of NSC under extended drought conditions, and contrary to previous suggestions that large NSC pool sizes in forest trees render C starvation-induced mortality unlikely (Sala et al., 2010 ). An obvious next step is to verify whether trees in the TFE plot do indeed have lower NSC contents relative to trees in the control.
Drought effects on carbon partitioning and turnover
In the TFE plot there was a large decrease in plant C stocks, particularly below ground, attributable to an elevated rate of tree mortality relative to the control (Fig. 5; da Costa et al., 2010) . Estimated plant C stocks situated below ground constituted 24 ± 8 and 8 ± 3% of the total in the control and TFE plots, respectively (Fig. 5) , compared with global and regional syntheses suggesting a value of around 21% for tropical forests (Jackson et al., 1996; Cairns et al., 1997) . Model TBCA 6.0 0.9 7.0 1.1 Raich & Nadelhoffer (1989) Given the unreplicated nature of the plots, error bars represent only within-plot spatial variation and measurement error rather than landscape-scale heterogeneity. Values in source calculations refer to the parameter identity numbers (first column). TFE, through-fall exclusion; DBH, diameter at breast height; PCE, plant carbon expenditure; TBCA, total below-ground carbon (C) allocation from the method of Raich & Nadelhoffer (1989) modified to include the contributions of coarse branches, root litter and dissolved organic carbon (DOC); CUE, carbon use efficiency; R eco , ecosystem respiration; R auto , autotrophic respiration; R hetero , heterotrophic respiration; R soil , soil CO 2 efflux. a NTP, net tree production, is the balance between C entering and exiting live plant biomass. b 10% of gross primary productivity (GPP), derived from Fox et al. (2009) . Alternative ecosystem level C fluxes are separated into three broad sources: modelled data, eddy covariance data and 'component' data from component-scale field measurements.
The relatively modest NPP reduction on the TFE plot is surprising, particularly given the substantial decline in live plant biomass. The two largest components of NPP -stem and canopy production -are also the most reliably measured, and bear out the general conclusion that NPP declined, though not by much, in the TFE plot compared with the control (da da Costa et al., 2010) . While large trees (> 20 cm DBH) showed substantial reductions in NPP, it was clear, from studies both at this site and another TFE experiment in the Amazon , that smaller trees (< 20 cm DBH) appeared to be relatively resilient to drought. This could indicate that understorey trees benefited from increased light availability as the canopy thinned, and ⁄ or subcanopy conditions (less wind, higher air humidity and CO 2 concentrations) which promoted water-use efficiency.
Plant R responses reported in this study are surprising because drought almost always inhibits R in actively growing plant tissues (Atkin & Macherel, 2009 and references therein) . However, perhaps of significance for this study, responses from slow-growing, mature plants appear to be more variable. This study therefore adds to the minority of documented occurrences of drought-induced increases in plant R (Zagdanska, 1995; Ghashghaie et al., 2001; Bartoli et al., 2005) . Other studies in the Amazon have reported dry-season increases in leaf dark R at a standardized temperature (Domingues et al., 2005; Miranda et al., 2005) , and a survey of 208 woody plant species from 20, mainly temperate, sites indicated that mean leaf dark R increased as site annual rainfall declined . Possible physiological mechanisms for drought-induced leaf dark R increase include greater energy demand for maintenance of vacuolar solute gradients, repair of water-stress-induced cell damage and ⁄ or increased wastage respiration via futile cycles (Hue, 1982; Lambers, 1997; Lambers et al., 1998; Cannell & Thornley, 2000; Flexas et al., 2005; Würth et al., 2005; Wright et al., 2006; Atkin & Macherel, 2009) . Relatively less work has been conducted on the underlying mechanisms controlling R from other plant tissues but at least some of the same processes could be operating. Further work is required to explore how consistent these plant R responses to drought are across the Amazon and other mature tropical forests.
The considerable additional respiratory cost imposed on plants by the TFE treatment meant the estimated proportion of PCE used to construct plant tissue (CUE) was 0.24 ± 0.04, compared with 0.32 ± 0.04 in the control (Table 2 , Fig. 4 ). Estimated CUE of the control plot adds to a growing body of evidence indicating that tropical forests generally have higher respiratory costs relative to tissue growth and therefore a lower CUE, of c. 0.3 (Chambers et al., 2004; Malhi et al., 2009b) compared with values usually between 0.4 and 0.6 for boreal and temperate forests (DeLucia et al., 2007) . To accurately simulate current and future forest C cycling, it may be important to incorporate these physiological responses into current models, many of which assume constant CUE over space and time (e.g. Hyland, Levy et al., 2004; 3PG, Landsberg & Waring, 1997; CASA, Potter et al., 1993; Forest-BGC, Running & Coughlan, 1988) . In addition, further work is required to collect similar data at more tropical forest sites to explore the generality of this pattern.
The 'functional balance' theory suggests that plants might respond to the TFE treatment by shifting partitioning of C towards roots, at the expense of other tissues, where photosynthate can be used to increase water uptake (Thornley, 1972; Cannell & Dewar, 1994) . Our data provide no clear support for this theory: the proportions of total NPP invested in roots and foliage slightly declined in the TFE plot compared with the control (although these mean plot differences were well within 95% confidence intervals) ( Table 2 , Fig. 3a) . The lack of a clear NPP allocation response could indicate that the forest is adapting to drought in other ways, such as increasing water uptake per unit root mass by increasing specific root length and specific root area , or that other processes are dominant, such as drought-associated shifts in root turgor pressure and ⁄ or soil density, which impede the development of root systems irrespective of plant allocation patterns (Whalley et al., 1998; Bingham & Bengough, 2003; Bengough et al., 2006) . Quantifying partitioning as total forest C expenditure (NPP + R auto ) provides another test of the functional 
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balance theory, and reveals a different pattern to that of NPP alone. The decline in NPP in the TFE plot was offset by a substantial estimated rise in canopy R, with the net effect that total C partitioning to both roots and canopy apparently increased in the TFE plot relative to the control, although, again, this trend should be interpreted with caution given the substantial uncertainties around the means (Table 2) . da estimate that increased stem mortality in the TFE plot produced c. 33 t C ha )1 more dead woody material than in the control over the 7 yr from 2002 to 2008. It might be expected that this necromass would decompose relatively slowly under the drier conditions in the TFE plot, but in this study we observed no clear inhibition of CWD respiration on the TFE treatment (Fig. 8a) . Thus, if there was any difference in amounts of CWD moisture between plots, this appeared to have little effect on microbial activity on the CWD surface. R per unit wood surface appears to have remained similar between plots, whilst the total quantity of dead wood dramatically increased in the TFE plot ( Fig. 1; da , with the result that stand-level dead wood R was greater in the TFE plot than in the control (Table 2 ). There was also a weak trend towards higher R from fresh wood material in both plots (Fig. 8a) , perhaps because more labile C was accessible to microbes on the surface of the wood, and there were greater quantities of fresh wood in the TFE plot (Fig. 8b) , which further contributed to increased CWD emissions in the TFE plot relative to the control (Table 2 , Fig. 3b ). By contrast, fine litter R was approximately 10 times lower in the TFE plot than in the control (Table 2) , but the measured increase in fine litter C stocks in the TFE plot was relatively minor (Table 1) . Taken together, this suggests that other decomposition processes, such as physical disintegration and consumption by detritivores, became more important in the TFE plot (Fig. 7) . The shifts in R hetero observed in this study may have important consequences for turnover of C stocks which, together with TFEinduced changes in C stocks, could translate into important changes in ecosystem CO 2 emissions.
Method validation and intercomparison
This study has compiled all available site data and, where necessary, taken values from other Amazon forests to Given the unreplicated nature of the plots, error bars represent only within-plot spatial variation and measurement error rather than landscape-scale heterogeneity. Values indicate means ⁄ totals for the entire plot and are divided into the following four decomposition categories following Harmon et al. (1995) : 2, firm wood with bark intact but no leaves or fine twigs; 3, firm wood with rotten ⁄ sloughing bark; 4, partially rotten wood which can be broken when kicked; 5, completely rotten wood which can be broken apart by hand.
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New Phytologist construct a detailed snapshot of estimated C fluxes in the fourth year of a drought experiment in eastern Amazonia. Analyses of longer-term change of some components and more detailed work focused on individual components may be found elsewhere (Nepstad et al., 2002; Davidson et al., 2004 Davidson et al., , 2008 Sotta et al., 2007; Metcalfe et al., 2007a Metcalfe et al., , 2008 Metcalfe et al., , 2010 Brando et al., 2008; Meir et al., 2008; da Silva et al., 2009; Meir et al., 2009; da Costa et al., 2010) . The 'bottom-up' approach used in this study to estimate PCE and R eco in the control plot showed a reasonable degree of consistency with earlier estimates of stand-level C fluxes at this site made using both eddy covariance and modelling methods (Table 2 ). However, from the equations which estimate R soil (Malhi et al., 2009b) and TBCA (Raich & Nadelhoffer, 1989 ) from above-and below-ground C inputs, there is an indication that there is higher measured R soil and TBCA than expected (Table 2) , which could indicate insufficient field sampling or that further work is required to parameterize the mass balance models. Eddy covariance studies in central ⁄ eastern Amazon terra firme old-growth forest have recorded very different rates of annual ecosystem C uptake and release, with distinct seasonal patterns (Saleska et al., 2003; Ometto et al., 2005) . Bottom-up measurements could help to specify which components of R eco (e.g. R auto vs R hetero ) and GPP (e.g. R vs NPP) contribute to explaining the observed differences. This study provides some of the first insights into ecosystem-level shifts in Amazon forest C metabolism associated with drought, which, although constrained by numerous uncertainties, provide a foundation for future modelling and experimental work testing questions and patterns arising from the data presented.
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